Abstract: In this study, the input impedance of coupled half wavelength stepped impedance resonator bandpass filter with directly tapped feed structure is deduced, and the method of determining the feed positions in the filter is proposed by using the concept of impedance matching. Two microstrip bandpass filter examples are described for demonstrating the procedure. The simulated and measured results indicate that the proposed method is an effective way for designing similar filters.
Introduction
In the RF front-end, the bandpass filters with wide stopband and high selectivity are designed to enhance the overall system performance. The stepped impedance resonators (SIRs) have been found suitable owing to their good stopband performance [1] [2] [3] [4] [5] [6] [7] [8] . One of the key features of the SIR is that its resonant frequency can be adjusted by its impedance ratio. Combining multiple SIRs, stopband extension bandpass filter can be realised [9] . Also, a compact ultra-wideband SIR bandpass filter is presented in [10] .
Wong [11] had derived the equation to calculate the singly loaded Q for hairpin resonators produced by tapping. Recently, the feed structures in SIRs have been reported. In [12] , a coupling scheme was proposed to improve the performance of the SIR bandpass filter. The SIR bandpass filters with direct tapped feed structures are developed in [13 -15] . The aforementioned works imply the importance of the feed positions in direct tapped feed SIR bandpass filters, but there are few specific discussions about the issue.
In this paper, the method of determining the tapped feed positions on the uncoupled lines (shown in Fig. 1 ) is presented. Based on the Z-matrices of the uncoupled and coupled transmission lines, the input impedance of coupled half wavelength (l/2) SIRs are given first. Then, the proper feed position is determined by the matching concept. Two examples of microstrip coupled l/2 SIR bandpass filters are designed to demonstrate the method. Simulations and measurements show that the proposed method is suitable for designing similar SIR bandpass filters.
Principle
The discussed coupled l/2 SIRs shown in Fig. 1 consist of uncoupled and coupled transmission lines. The middle piece is the uncoupled transmission line with high characteristic impedance of Z 1 and electrical length of 2u 1 . On the uncoupled transmission lines, the input and output feed lines are directly tapped at points P1 and P2, respectively. Variables p and q are position factors with the defined range of 0 -1 and can reflect the feed positions. The end coupled transmission lines are designed with odd and even impedances of Z oo and Z oe , respectively, and electrical length of u 2 . Its average impedance, Z 2 , is lower than Z 1 and can be obtained by
2.1 Z-matrices of uncoupled and coupled transmission lines networks, N1, N2, N3 and N4. The uncoupled transmission lines portion is divided into N1 and N2; each network consists of uncoupled transmission lines with different electrical lengths and can be represented by a general network shown in Fig. 2b , of which the Z-matrix can be easily obtained as
where j is the imaginary unit. Based on (2), the Z-matrix of N1 can be obtained by allowing u ¼ 2pu 1 and w ¼ 2qu 1 , and the Z-matrix of N2 can be obtained by allowing u ¼ 2(1 -p)u 1 and w ¼ 2(1 -q)u 1 .
N3 and N4 on both the sides are open-circuited endcoupled transmission lines and their characteristics can be extracted from the coupled symmetric transmission lines as shown in Fig. 2c . The Z-matrix of the uniform coupled asymmetric transmission lines [16, 17] is
where
where f o and f e are the odd-and even-mode resonant frequencies of the coupled transmission lines.
The two-port Z-matrix Z e of N3 or N4 is a part of the four-port Z-matrix of coupled symmetric transmission lines in (3)
Input impedance of coupled l/2 SIRs
In Fig. 2a , the model can be divided into the left and right parts that have the same configurations and are connected at feed points P1 and P2. According to the deduction in the Appendix, the Z-matrices of these two parts, Z l and Z r , can be obtained. The Z-matrix of the entire model is
If the load impedance is Z L at point P2, the input impedance
If the source impedance is Z S and it is connected to the point P1 through a matched transmission line, the S-parameter of the entire model is where I is a 2-by-2 unit matrix and P is defined as
Matching filter
According to (2) and (5 -7), it is obvious that the input impedance is a function of variables u 1 , u 2 , Z oo , Z oe , k, Z 1 , Z L , p and q. Once the SIRs shown in Fig. 1 are connected with the source and load, they can act as a specific transformer by transforming the load impedance to input impedance. When the input impedance is conjugate match with the source impedance, the maximum power can be transferred to the load. If the matching happens in a specific frequency band, the SIRs can be treated as a filter.
The rigorous expanded expression of Z IN in (7) is very complicated, but it can be numerically calculated in practical cases. For the traditional SIR bandpass filters, u 1 , u 2 and the characteristic impedance ratios are used to determine the resonant frequency. Here, the variables p and q representing the feed positions are used to adjust the input impedance in order to achieve optimum matching.
Examples of determining feed positions
In this section, two examples are given to introduce the procedure of determining the tapped feed positions. The physical layouts that comply with the model described in Section 2 are shown in Fig. 3 , in which the impedance of the uncoupled transmission lines is Z 1 and the average impedance of the coupled transmission lines is Z 2 . In these designs, the fundamental resonant frequency is set as 2.4 GHz, and the source and load impedance are 50 V.
3.1 SIRs with u 1 ¼ u 2 Fig. 3a shows the physical layout for SIRs with u 1 ¼ u 2 . The condition for determining the fundamental resonant frequency of an SIR is given as [1] tan u 1 tan u 2 ¼ R z (10) where R z ¼ Z 2 /Z 1 is the impedance ratio and u 1 and u 2 are the electrical lengths at the fundamental resonant frequency. In this case
For an l/2 SIR, the electrical length is p/2 at the first spurious frequency. The ratio of the first spurious to the fundamental resonant frequency is
It means that the stopband width can be adjusted by R z .
Because it is difficult to fabricate microstrip line with very small or large characteristic impedance, very low R z cannot be made. Then, the first spurious frequency cannot be very high. In this case, 6.4 GHz is a moderate value for the first spurious frequency. From (11) and (12), solve
The microstrips with such impedances are easy to fabricate. On 0.8-mm thick substrate FR4, the synthesised width and length are 0.3054 mm and 6.850 mm for the uncoupled microstrip with Z 1 ¼ 100.8 V. For the coupled microstrip, the odd and even mode impedances can be set to any reasonable value to satisfy (1). The coupled microstrip with Z oo ¼ 36 V and Z oe ¼ 56.25 V is easy to fabricate. Then the synthesised coupled microstrips have a width of 1.613 mm, a length of 6.473 mm, a conductor spacing of 0.3285 mm, an odd-mode resonant frequency of 6.715 GHz and an even-mode resonant frequency of 6.015 GHz. Next, k is calculated as 1.056. Now only p and q are remaining to solve Z IN . Based on (2) and (5 -7), a numerical algorithm can be designed. Replacing Z L , u 1 , u 2 , Z oo , Z oe , Z 1 and k with these specific values, and sweeping p and q, obtain the input impedance of the SIRs. It is worth mentioning that the Z IN is evaluated at the fundamental resonant frequency. www.ietdl.org 5. Find the proper position factor pair of (p, q), at which the input impedance of the SIRs matches the the source impedance.
3.2 SIRs with u 1 ¼ 1.5u 2 Fig. 3b shows the physical layout of SIRs with u 1 ¼ 1.5u 2 . In order to compare with the u 1 ¼ u 2 case, Z 1 , Z 2 , Z oo and Z oe maintain the values in Subsection 3.1. So, R z is not changed. From (10), u 2 can be obtained as
Thus, the electrical length at the fundamental resonant frequencies, u 1 and u 2 , can be solved as u 1 ¼ 40:98, u 2 ¼ 27:278 Figure 4 The contours of resistance and reactance at feed point P1 for SIRs with u 1 ¼ u 2 as a function of variables p and q, which are feed point position factors The total length of the straight SIR is 26.65 mm in the u 1 ¼ u 2 case, and 27.06 mm in the u 1 ¼ 1.5u 2 case. The length of the former is shorter, but the latter can be folded fully and is more compact.
Simulations and measurements
On a 0.8-mm thick substrate FR4 with a dielectric constant of 4.4 and a dielectric loss tangent of 0.02, the two types of SIR bandpass filters (shown in Fig. 3 ) with the optimised feed positions have been fabricated, and their photos are shown in Fig. 8 . Their dimensions are given in Tables 1 and 2. As a result, including the feed lines, the first filter size is 15.3 mm Â 19.2 mm (0.22l Â 0.28l), and the second filter size is 12.9 mm Â 12.2 mm (0.19l Â 0.18l).
The simulations were accomplished using Ansoft Designer SV, and the measurements were carried out on Agilent network analyser N5230A. Figs. 9 and 10 give the results of the two bandpass filters. The calculated values are in agreement with the simulated and measured values. Because of the dielectric loss, the simulated and measured S 21 in the passband are lower than the calculated ones. 
Conclusions
In this paper, the input impedance of coupled half wavelength stepped impedance resonator bandpass filter with directly tapped feed structure is deduced and the method of determining the feed positions in the filter is proposed by using the concept of impedance matching.
Two examples of simple microstrip coupled SIR bandpass filters are designed in detail to demonstrate the method. The input impedance can be controlled by the feed positions and the proper positions can be obtained by the proposed method. Also, the calculated values are verified by the simulation and measurement and the results indicate that the method can be used in the design of similar SIR filters. 
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